Using sinus arrhythmia as a control, we elucidated the random nature of RR intervals during atrial fibrillation in man and determined the function of the atrioventricular (AV) node from the variability of RR intervals. The major difference between the characteristics of sinus arrhythmia and those of atrial fibrillation is the presence of a significant correlation between successive intervals in the former. Since the pattern of distribution of RR intervals in atrial fibrillation is unimodal and skewed to the right and so can be fitted to an Erlang distribution, atrial inputs can be considered to be summated to a certain threshold for ventricular activation in the N region of the AV node, the number of cumulative atrial inputs corresponding to this threshold being the phase of this Erlang distribution. The function of the AV node during atrial fibrillation is to transform an exponentially distributed input into an Erlang-distributed output. Loss of inputs occurs between the atria and the N region and the greater the loss of inputs the slower the ventricular response. However, the greatest loss occurs in the N region for summation of atrial inputs required to elicit ventricular activation. 
HE nature of the irregularity of the sequence of RR intervals in atrial fibrillation and the mechanism producing this irregularity have been studied by many investigators. For comprehensive references on these subjects, readers are referred to Brody1) and Urbach.2) We also studied these problems by rather different but more advanced methods of analysis.3) Most important is the elucidation of the mechanism of input-output transformation at the atrioventricular (AV) node in atrial fibrillation . And also, the cause of varying lengths of RR intervals is of considerable interest . The output can be identified as an action potential recorded from the NH region or an R wave in the standard electrocardiogram. Although the interval between outputs is identical to the RR interval in the standard electrocardiogram, the corresponding input cannot be identified with certainty. As pointed out by Urbach, 2) there are many other inputs from the fibrillating atria. These inputs successively arrive at the entire atrio-AV nodal interface in addition to a particular input. Therefore, the argument that a particular atrial potential is the stimulus source for the AV nodal and ventricular beats is not tenable. From these considerations, the input-output relationship at the AV node in atrial fibrillation could not be clearly explained using the results of animal experiments conducted by microelectrode techniques. In this context, in studying the variability of the intervals between successive nerve impulses and the mechanism of neurons producing this variability, Stein4),5) proposed that neuronal variability could be correlated with the mechanism of nerve impulse generation and intended to elucidate details of the mechanism by utilizing the statistical properties of the sequence of nerve impulse intervals or the sequence of outputs, where intracellular recording was impossible and the sequence of outputs might be the only available data. The situation postulated by Stein is very similar to that in the present study. Stein and Ten Hoopen6) discussed the synapse model mathematically. Ten Hoopen7) and the present authors3) studied the irregularity of the sequence of RR intervals in atrial fibrillation by assuming that, in several respects, the AV node behaved functionally like a synapse. Although no corresponding anatomical structure is found in either humans or animals,8) Cranefield9) stated that transmission across the N cell layer in the AV node actually presents marked similarities to synaptic transmission. Hence, it is quite reasonable that mathematical procedures used in the analysis of the nerve impulse sequence can be equally well applied to the analysis of the RR intervals in atrial fibrillation. In the present paper, with the use of these mathematical procedures we intend to clarify the input-output relationship at the AV node in atrial fibrillation in reference to the electrophysiological experimental results reported by other investigators. Vol.25 No. 5 
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Electrocardiographic records, consisting of 1,024 successive RR intervals, were obtained from 19 examinations of 7 patients with atrial fibrillation. These patients were studied before, during, and after digitalization, namely at rapid, intermediate, and slow ventricular rate, respectively. Before any recording was started, the patients rested for at least 10min on a bed. The recording was then made during another 30min period. In each case, the RR intervals were measured manually in msec and numbers corresponding to the length of 1,024 successive RR intervals were punched on cards. Once on cards, the data from each electrocardiographic record were subjected to mathematical analysis on a FACOM M-140 computer (Fujitsu Ltd, Tokyo).
Patient data are listed in Table I , and similar data from 3 cases of sinus Table II .
Since the distribution of RR intervals was a subject for study, evaluation of the stability of data (stationarity) was first performed. Only for stationary sequences can relevant statistical procedures be legitimately and effectively applied to the data, but, in non-stationary sequences, the results of various statistical analyses do not necessarily provide mathematically significant information; it is meaningless to discuss the mechanism of ventricular irregularity in atrial fibrillation based on the results formally obtained from non-stationary data. There is no generally accepted method for quantitating the stationarity. The most elementary approach is first to divide the data into several equal parts, then to compute a mean value and standard deviation for each part and lastly to determine whether there is a statistically significant change among the mean values and standard deviations of these parts. Conversely, whether or not there appears a significant variability in the sequences of mean values and standard deviations following an increase in sample size may be tested. At a rather advanced level of study, the variability of histogram configuration produced by an increase in sample size may be compared.
For each electrocardiographic record, histograms with several bin widths were drawn and the means and standard deviations computed. The coefficient of variation (CV) indicates the ratio of interval variability to the length of the mean interval and therefore might be taken as an indicator of the irregularity of a given sequence of intervals. The serial correlation coefficients of intervals from the first to the 100th order and the spectrum of intervals were computed. The former is a measure of the degree of relationship between adjacent or non-adjacent intervals and the latter depicts the distribution of intervals by frequency composition of the data in terms of the mean square values of the data. The two form a Fourier transform pair. If the values of the former are not significantly different from zero throughout, the latter becomes constant; in this case, the sequence of intervals is independent.
Since the stationarity and independency of the sequence of RR intervals in atrial fibrillation can be proved as shown below, this sequence belongs to a renewal process. ary, the sequence of only 1,024 intervals was subjected to analysis on all the records. Fig. 2 shows histograms of RR intervals with bin width 25msec, correlograms and spectra of intervals and counts for 3 cases of sinus arrhythmia. The histogram configurations are quite different from one another. A common feature of the correlogram is the presence of a significant correlation between adjacent or non-adjacent intervals. In Cases 1 and 2, the adjacent intervals tended to be equal in length. Especially in Case 2, nearly equal intervals appeared successively for several beats. Long and short intervals tended to alternate in Case 3. Since the spectrum depicts large peaks in both intervals and counts, there are periodicities corresponding to these peaks in sinus arrhythmia and hence the sequence of RR intervals in this arrhythmia is not independent. Fig. 3 shows correlograms and spectra for 2 cases of atrial fibrillation (Cases 1 and 2) before and after digitalization. Although some serial correlation coefficients slightly exceed the 5% significance bands for the estimates, almost all coefficients are within these bands. The spectrum of intervals can be considered constant. Therefore, the sequence of RR intervals in atrial fibrillation can be regarded as independent. However, since the spectrum of From top to bottom , correlogram and spectrum of intervals and counts are shown. The left and right half of the figure depict the properties of Cases 1 and 2 , and, in each case, the left and right panels correspond to the behavior before and after digitalization, respectively.
The horizontal lines in the top panel are 5% significance bands. The horizontal line in the middle and bottom panels is the theoretical spectrum for a Poisson process. Heart J September 1984 counts exhibits far greater peaks than those of the spectrum of intervals , the possibility that there is a hidden periodicity in atrial fibrillation could not be entirely excluded. Fig. 4 shows intensity functions in sinus arrhythmia and also in atrial fibrillation. In sinus arrhythmia (top panel), the intensity function oscillates and its peaks far exceed the 5% significance bands, which indicates the presence of periodicities corresponding to these peaks. Since the intensity function during atrial fibrillation in general (bottom panel) rarely exceeds these significance bands, most cases of this arrhythmia can be characterized by an intensity function that is confined between the upper and lower significance bands except for small values of t, which indicates the absence of periodicity. It also tends to oscillate about the mean rate of occurrence of R waves; this feature is characteristic of a renewal process.
DISCUSSION
The present study was designed to elucidate the mechanism of transmission of atrial impulses through the AV node and the cause of irregular ventricular response in atrial fibrillation. In other words, the objective of the study was to develop a clear explanation of the mechanism of input-output transformation which is carried out by the AV node in such a way that irregular rapid inputs from the fibrillating atria are transmitted to the ventricle with an irregular but much slower rate.
In atrial fibrillation, details of the atrial inputs delivered to the AV node, including their frequencies and intra-atrial as well as intranodal conduction pathways, are quite unclear as discussed by Urbach.2) During this arrhythmia the AV nodal cells might be excited by a frequency corresponding to their functional refractory period since the atrial fibers are continuously depolarized with a high rate of excitation and the inputs from the fibrillating atria could be invariably and promptly utilized by the AV node immediately after its refractory period.12)-15) However, neither the exact location of the impulse formation for ventricular activation in the AV node nor the mechanism controlling this impulse formation is clearly known.
At first, one rather straightforward assumption is proposed: Atrial inputs arrive at the AV node in accord with a Poisson process. This possibility is not quite so artificial as it may appear because of the existence of a general theorem in the theory of queueing which states that , under fairly general conditions, the superposition of several independent series of simpler forms is indistinguishable from a Poisson process .10),16) If atrial inputs are transmitted to the AV node, especially to its N region , through several conduction pathways at different velocities or rates, the distribution of intervals between successive inputs may be regarded, as a whole, as exponential . On the other hand, the output of the AV node should be regarded as an impulse that produces ventricular activation , so that this output corresponds to the R wave in the standard electrocardiogram or the ventricular electrogram in the electrophysiology of the heart . Several recent studies using microelectrode techniques have revealed that , during atrial fibrillation, all impulses which reach the His bundle are transmitted to the ventricle without delay .13),I n humans and animals with atrial fibrillation the His bundle electrogram shows the appearance of His deflection only and always befor e the QRS complex, and the HV interval remains the same as in normal controls .14,15 Steps or notches on the rising phase of nodal action potentials were previously observed by several investigators and were ascribed to the presence of synapse-like structures in the AV node23)-25) and the prepotential which seemed to correspond to these steps or notches was considered to be a postsynaptic potential.26) However, neither a relevant anatomical structure similar to a synapse8) nor evidence for the presence of synaptic vesicles27) was observed. postulated since the upstroke probably corresponding to the next depolarization appeared immediately after the beginning of repolarization of the N region of the AV node.30),31) Hence, the absence of the absolute refractory period of the AV node is a matter of speculation and, if so, atrial inputs might be considered to invade successively the AV node irrespective of its refractory period; thus, the decay of input can be neglected and the assumption that, in our model, the effect of input is constant without decay would be reasonably tenable. Salient features of transmembrane potentials recorded from the AV node are spatial9),30),32),33) and temporal28),34) summations of depolarizations. Although the location where summation occurs is not entirely evident, Hoffman and Cranefield28) described that, in the atrial part of the AV node, temporal summation is apparent and characteristic and spatial summation was demonstrated in the AN region by Watanabe30) and in the N region by Cranefield.9) Hoffman and Cranefield28) further stated that separate excitatory impulses arrive at a common point along separate converging pathways and that temporal summation of depolarization is apparent and results in excitation of the AV node in view of the presence of steps or notches. Recently, Cranefield9) pointed out that transmission across the N cell layer actually presents marked similarities to synaptic transmission. From these considerations, irrespective of the presence of anatomically proved synapse-like structures in the AV node, the N region of the AV node might be assumed to correspond in function to the synapse and the atrial inputs delivered to this region are subjected to summation so as to evoke action potentials for eliciting ventricular activation in the NH region. Hence, methods of analysis of the mechanism of input-output transformation performed by the neuron and those of neuronal variability can be effectively applied to explain the behavior of the AV node in atrial fibrillation.
Although excitatory inputs should be those which are delivered to the N region and are subjected to summation, details of these inputs are difficult to understand.
Published simultaneous recordings of electrical activity in regions including the AV node in animals during atrial fibrillation displayed progressive loss of action potentials between the atrium and the ventricle and the greatest loss between these chambers was found to occur in Wenckebach rhythm.2),35) Atrial inputs transmitted through the atrio-AV nodal interface are further subjected to decremental conduction,28) inhomogeneous conduction36) and concealed conduction and block.12),13),18),37)-38) If we postulate multiple intra-atrial40) and intranodal41),42) conduction pathways in addition to these observations, arrival of atrial input at the N region must be random and, hence, intervals between inputs might be considered ex- Hitherto, in the study of irregular ventricular response during atrial fibrillation, correlograms and/or spectral density functions of the sequence of RR intervals have been used for testing whether or not this sequence is independent. Despite a widespread use of autocorrelation techniques, contradictory results have been reported; one group of investigators found the periodicity in the sequence of RR intervals,37),46),47) but neither periodicity nor regularity was demonstrated by others.3),19),48), 49) Braunstein and Franke46) used a slightly different autocorrelation technique and the method utilized by Horbach47) was somewhat different from those of the other investigators.
Although the reason for this discrepancy in the results is difficult to understand, the length of recording time or the presence of a trend in the sequence plays some role in addition to that of the difference of analytical methods used by the investigators. In the study of Bootsma and associates48) who strenuously endeavored to eliminate the trend, neither periodicity nor dependency between intervals was observed. Hence, the sequence of RR intervals in atrial fibrillation can be considered independent.
Only our report3) was concerned with computation of the spectrum of intervals and in the present study we used related functions expressing the variability of the number of R waves as a function of elapsed time (spectrum of counts and intensity function). Although the behavior of the spectrum of counts is similar to that of the spectrum of intervals, there are small peaks in the spectrum of counts. Therefore, the presence of hidden periodicities in the sequence of RR intervals cannot be entirely excluded, but the intensity function is characteristic of renewal process. From these results, independency of the sequence of RR intervals is further confirmed. In cases of sinus arrhythmia used as controls, however, the behavior of the correlogram, the presence of large peaks in both the intensity function and the spectrum of intervals and counts all indicate a significant correlation between intervals and between counts, and also the presence of periodicity or rhythmicity in this arrhythmia. Therefore, the difference of irregularity between atrial fibrillation and sinus arrhythmia is intrinsic in nature; thus the assertion50) that the irregularity of RR intervals in atrial fibrillation results from respiratory arrhythmia is untenable.
The mechanism of slow ventricular response associated with atrial fibrillation and especially the cause of long RR intervals in this arrhythmia have been attributed to concealed conduction of atrial impulses in the AV node,12),13),18),37),38),51) or the role of the AV node scaling down the number of atrial inputs.19),35),48),52) The combination of these two theories is also possible.35), 48) 
